The effect of quenching and tempering structure of various carbon steels on the diffusivity and solubility of hydrogen were studied at room temperature by using an electrochemical permeation technique. The minimum diffusion coefficient is obtained when the steels are in the as-quenched state; i.e, in a martensitic structure the diffusion coefficient increases with increasing tempering temperature. On the other hand, the solubility of hydrogen is a maximum for the quenched martensitic structure and decreases with increasing tempering temperature. An increase in carbon content reduces the diffusivity but increases the solubility of hydrogen. The variations in diffusivity and solubility can be explained in terms of hydrogen trapping process involving lattice imperfections such as dislocations, lattice vacancies and subgrain boundaries, etc, produced by martensitic transformation.
I. Introduction
The effect of the structure of steels on diffusivity, solubility and permeability of hydrogen has been studied by a number of carbon content and structural form of cementite can markedly affect the rate of permeation and a martensitic structure gives the lowest permeability, but there is a lack of agreement on the effect of other structures, and the maximum permeability of hydrogen in steel is ascribed to a normalized structure(l), or to the presence of fine cementite (2) . There are no agreed opinion for the effects of carbon content and structure of steels on solubility. Klyachko and Izmanova (3) showed that an increase in carbon content increases hydrogen solubility, but Kotyk and Davis(4) observed that hydrogen occlusion was not appreciably affected by carbon in the range 0.015 to 0.54%. The same authors (4) also observed that the forms of the carbide which are pearlitic, agglomerated and spheroidal cementite in steel produced small effects on the total occluded hydrogen.
Nosyerva (1) observed that the sorbitic structure of a 0.83%C steel occluded nearly ten times more hydrogen than the martensitic structure.
Coe and Moreton (5) showed that the structure of steel affected the diffusivity of hydrogen and The materials used in this study were five 
Hydrogen permeation measurement
The specimen of which the hydrogen permeability is to be investigated, is made to act as a bipolar electrode (7)(8) in the electrochemical cell. Hydrogen is produced electrolytically at a constant current density on one side of the specimen which is called the cathodic side by a galvanostatic circuit.
A part of the hydrogen produced dissolves in the specimen and diffuses to the opposite side, which is called the anodic side, where it is instantly ionized and turned into an equivalent current. This hydrogen ionization current can be measured as the permeation transient on a fast response recorder. The instantaneous ionization of hydrogen is achieved by maintaining the potential of the anodic side at a sufficiently higher level with respect to the potential of a hydrogen electrode in the anode compartment by means of a potentiostat circuit. A schematic representation of electrochemical permeation cell assembly used is shown in Fig. 1 .
It consists of two identical half cells, each of them being separated into two compartments with sintered glass partition. Each half cell is capable of the insertion of a platinum counter electrode and a Luggin capillary calomel reference electrode. Also, the removal of solution from the half cells is possible. The specimen was inserted between the half cells having flanges and a silicone rubber gasket to provide a leak proof joint. The cell was then fixed on a stand in the thermostat. The two compartments of the cell were separated by 0.085 to 0.095cm thicks plate. A 0.1 N-NaOH solution, preelectrolysed for 24 hr and deoxygenated using hydrogen gas in a separate cell, was admitted into the anode compartment. The potential of the anodic side of the specimen was maintained by means of the potentiostat at-450 mV with respect to the saturated calomel reference electrode.
When both the temperature and the background current in anodic circuit attained steady state values, a 0.9 vol% H2SO4 solution containing 2.5 mg/l H2SeO3 was admitted into the cathode compartment and a current density of 1.0 mA/cm2 was imposed on the cathodic side and the corresponding transient was recorded.
Analysis of diffusion coefficient and solubility
A number of mathematical models have been proposed for the analysis of the diffusion coefficient and solubility of hydrogen from the permeation curve. In this study, the analysis method was employed using an approximate Let the anodic side of the plate specimen be at x=L and the cathodic side be at x=0, where L is the thickness of the plate. When the concentration of hydrogen C0, at the cathodic side is maintained, the initial and boundary conditions will be as follows: (1) The equation to be solved is Fick's second law,
Application of the operation of Laplace transformation to Fick's second law eq. (2) for the initial and boundary conditions eq. (1) gives (3) where C(x, t) is the hydrogen concentration at x, at any time t. Therefore, the measured anodic permeation current is (4) The first term (n=0) approximation of eq. (4) gives (5) For the use of the logarithmic method of handling the data, we have (6) where Ia is the anodic permeation current, t the permeation time, D the diffusion coefficient, and Co the solubility. On plotting log t1/2.Ia against 1/t, a straight line relationship is obtained at a large value of 1/t and the slope leads to the determination of diffusion coefficient. From the intercept of this line on the ordinate, a value of solubility C0 (=C) can be readily obtained.
Microstrain measurement
In order to examine the effect of microstructural changes of quenched and tempered specimens on diffusion of hydrogen, microstrain was measured by X-ray diffraction technique (12) Microstrain was examined by analysing the half-value breadth of {110}, {220} diffraction III. Results
Hydrogen permeation transient
The typical examples of the permeation current vs time curve are shown in Fig. 2 for S15C Fig. 2 Hydrogen permeation current vs time curves for quenched and tempered S15C and SK3 steels. and SK 3 steels quenched and tempered at different temperatures. It can be seen that the permeation rate becomes higher with increasing tempering temperature and at the same temperature, the permeation rate of S15C steel is higher than that of SK 3 steel which has high C content. The linear representation of log t1/2.Ia vs l/t for the calculation of diffusion coefficient and solubility of hydrogen is given in Fig. 3 . The linearity is good for initial period of permeation in all cases. Figure 4 shows the curves for diffusion coefficient of hydrogen vs tempering temperature for the carbon steels studied. It is evident that the martensitic structure has the lowest diffusivity and diffusivity increases with an increase in tempering temperature and the lamellar structure of pearlite has higher diffusivity than Fig. 4 Effect of tempering temperature on diffusivity of hydrogen for various carbon steels.
Diffusion coefficient and solubility
the tempered spheroidal structure of pearlite. Therefore, the diffusion coefficient increases in the order of martensite, troostite, sorbite (fine pearlite) and coarse pearlite. An increase in carbon content of the steels decreases the diffusion coefficient at any tempering temperature and the ferrite structure of steel has the highest diffusivity but no remarkable difference between SK 5 and SK 3 steels is recognized for diffusivity. The curves for solubility of hydrogen vs tempering temperature for the carbon steels are shown in Fig. 5 . Contrary to the results of diffusivity, the martensitic structure has the highest solubility and solubility decreases with an increase in tempering temperature and the lamellar structure of pearlite has lower solubility than the tempered spheroidal structure of pearlite. The solubility increases with an increase in carbon content of the steels but no remarkable difference between SK 5 and SK 3 steels is recognized for solubility. Therefore, the solubility increases in the order of coarse pearlite, sorbite (fine pearlite), troostite and martensite.
Microstrain
The curves for microstrain and micro-Vickers hardness vs tempering temperature are shown in Figs. 6 and 7, respectively.
It is seen that the relation between microstrain and tempering temperature is similar to that for micro-Vickers hardness vs tempering temperature and the values of microstrain and hardness for quenched specimens are high and they decrease in tempering temperature.
IV. Discussion
The minimum diffusivity is obtained when the steels have a martensitic structure and diffusivity increases with tempering temperature. On the other hand, solubility of hydrogen is maximum for martensitic structure and it An increase in carbon content reduces the diffusivity but increases the solubility of hydrogen. These behaviors of hydrogen in quenched and tempered steels are due to the fact that an increase in carbon content of steel produces higher densities of lattice imperfections such as dislocation, lattice vacancies and subgrain boundaries etc, by quenching and moreover, by tempering increases the relative number of cementite and causes a greater interfacial area between the cementite and ferrite which also acts as trapping sites for hydrogen atom and hence an increase in solubility and a corresponding decrease in diffusivity occurs.
V. Conclusions
(1) The minimum diffusivity is obtained when the steels have a quenched martensitic structure and diffusivity increases with tempering temperature. ( 2) The solubility of hydrogen is a maximum for a quenched martensitic structure and decreases with tempering temperature. (3) An increase in carbon content of the steels reduces diffusivity and coversely increases the solubility of hydrogen. (4) The variations in diffusivity, solubility of quenched and tempered carbon steels correspond to those in microstrain and hardness and it can be explained in terms of the hydrogen trapping process involving lattice imperfections such as dislocations, lattice vacancies and microvoids produced by martensitic transformation.
